The previous paper (10) described the technique employed to obtain essentially uniform preparations of the chlamydospore-suspensor (COS) cell from Candida albicans in amounts sufficient for chemical analyses. It was also shown that the outer layer of the chlamydospore wall is continuous with the wall of the suspensor cell. Therefore, the C-S pair may be regarded as a "unit" for analytical purposes. Furthermore, the fragility of chlamydospores precluded mechanical separation of chlamydospores from suspensor cells. In this paper we present data on the chemical composition of the C-S complex derived from cytochemical studies, sequential enzymatic hydrolysis, and chemical fractionation.
MATERIALS AND METHODS Mirobiological procedures. The strain of C. albicans I.H.M. 582, and culture procedures for obtaining uniform preparations of C-S complex were described in the preceding paper (10) .
Staining techiques. Lipids were stained with Sudan Black B (C.I. 26150). Slides with chlamydospores were dehydrated for 3 min in ethylene glycol and stained for 1 hr in a 1% solution of Sudan Black in ethylene glycol. Differentiation was achieved by washing in 85% aqueous ethylene glycol. As counterstain, 1% alcoholic safranin was used (C.I. 50240). A solution of 0.1% aqueous auramine 0 (C.I. 41000), prepared in 3% aqueous phenol, was also employed as a stain for lipids. Smears were stained for 2 min and were differentiated in 0.25% aqueous safranin for 1 min (1) .
Giemsa stain was used to localize nucleic acids. A stock solution was prepared by dissolving 0.5 g of the dye in 33.0 ml of glycerol at 60 C and adding 33 The procedure outlined (1) for the periodic acidSchiff technique was used to detect polysaccharides. Chlamydospore smears were also stained with Lugol's iodine-potassium iodide solution. Two fluorescent dyes, to be detailed later, Aniline blue (C.I. 42755) and primuline (C.I. 49000), were found to become localized in the polysaccharide-containing outer wall layer of the C-S complex. Primuline, when used as a vital dye, was incorporated into chlamydospore-producing medium (1 mg/liter). In the acid-fast staining procedure, the classical Ziehl-Neelsen technique was employed without modification.
To localize protein, a 0.5% solution of Amido Black (naptha blue black; C.I. 20470) was made up in methanol-glacial acetic acid (9:1). Smears were stained for 5 min and then washed in methanolacetic acid (9:1) for 15 (9) .
A highly purified preparation of keratinase (EC 3.4.4.25) elaborated by S. fradiae was employed (lot KN). This sample of keratinase was prepared by the method of Nickerson and Durand (17) .
Unless otherwise specified, cell material subjected to enzymatic hydrolysis and employed for chemical determinations consisted of the C-S complex described in the previous paper (10) . C-S preparations (20 mg of lyophilized material) were incubated with glucanase at 37 C in the following system: phosphate buffer, 0.2 M, pH 5.5, 2 ml; 2-mercaptoethanol, 1 M, 0.1 ml; ethylenediaminetetracetic acid, 2 X 1-0 M, 0.1 ml; and 0.1 ml of glucanase solution. An enzyme control was incubated without chlamydospores. Phosphate buffer was heat sterilized; all other solutions were passed through membrane filters (Millipore Corp., Bedford, Mass.) and handled aseptically. Merthiolate (1/10,000) (Lilly) was added to prevent bacterial growth during incubation. Enzymatic hydrolysis was allowed to proceed for 10 hr, whereupon the fraction solubilized was separated by centrifugation. Protein was precipitated by 5% trichloroacetic acid which, in turn, was removed by ether extraction. The acid-soluble fraction was evaporated to dryness in vacuo at 45 C and stored at -20 C. This fraction is referred to as C-S glucanase hydrolysate.
The portion of C-S resistant to glucanase was treated with keratinase in the following incubation system at 37C. Tris(hydroxymethyl)aminomethane buffer, 0.05 M, pH 9.0, 2 ml; keratinase, 1 mg/ml, 0.1 ml. After incubation for 10 hr, the soluble fractior was removed by centrifugation and treated as described for glucanase hydrolysate. This fraction is termed C-S keratinase hydrolysate.
Chemical analyses. All chemical analyses were carried out on C-S complex dried to constant weight at 105 C. Lipids of lyophilized C-S were extracted by the method of Anderson as described by Peck (19) . Cell material (15 mg) was shaken with 10 ml of a mixture of 95% ethanol and ethyl ether (1:1) for 24 hr at 27 C. The solvent phase was separated by filtration through defatted filter paper. Three extractions were performed, and the residue was extracted twice with chloroform. Extracts were combined and solvents were removed under vacuum. From this concentrated material, lipids were extracted into ether and dried with anhydrous Na2SO4, and the ether was evaporated This fraction constitutes the "readily extracted lipids.'* "Bound lipids" were extracted by subjecting the residue from the ethanol-ether and chloroform treatments to digestion in the ethanol-ether mixture 1 N with respect to HCl. Hydrolysis proceeded for 5 hr at 50 C, and was followed by two extractions with a mixture of 95% ethanol-ethyl ether (1:1) and one with chloroform; each extraction lasted 24 hr. The extracts were combined and treated as described for the readily extracted lipid fraction.
For carbohydrate analysis of C-S material, the method of Chung and Nickerson (5) 16 hr at 105 C in ampules sealed under nitrogen. Analyses were carried out on C-S complex, the residue after hydrolysis of C-S by glucanase, and on three fractions obtained by extraction of C-S: (i) fraction soluble in cold 10% trichloroacetic acid; (ii) the residue from the previous step, suspended in 1 N KOH and heated for 30 min at 100 C; the sediment was separated by centrifugation and washed several times with distilled water; the KOH extract and washings were combined, neutralized, and evaporated to dryness in vacuo at 40 C; and (iii) the washed residue from the previous step was used.
A sample of the hot 1 N KOH extract was neutralized and dialyzed overnight at 5 C. The dialysate was concentrated to dryness in vacuo, dissolved in a minimal volume of distilled water, and divided into two parts. One was assayed on a Technicon peptide column, and the other was hydrolyzed for analysis of amino acid content.
Chromatography. Two solvent systems were employed in descending chromatography: n-butanolpyridine-HAc-water (60:40:3:30) and isopropanolwater-NH40H (160:40:1). Whatman no. 1 and no. 3 MM papers were employed as well as thin layers of MN cellulose (Macherey, Nagel & Co., Duren, Germany) prepared as described by Stahl (23) . Sugars were detected with alkaline silver nitrate (27) or aniline hydrogen phthalate (2); 6-deoxy sugars were located with meta periodate-Rimini spray (29) . The relative proportions of identified monosaccharides were determined by spraying paper chromatograms twice with aniline hydrogen phthalate in water-saturated n-butanol, allowing the solvent to evaporate, and heating at 105 C for 6 min. The spots were cut out and eluted with 0.7 N HCI in 80% ethanol for 1 hr with frequent shaking. The optical density at 350 nm of the eluted material was measured with a Beckman DU spectrophotometer. Identical spots were cut out of the background and eluted to serve as blanks. Standard preparations of sugars were used simultaneously.
RESULTS
Cytochemical reactions of chlamydospores. To survey the types of substances present in the C-S complex and, when possible, their cytological distribution, various staining techniques were employed. It is well known that, in many cases, staining is not specific and the chemical basis of the reaction may be poorly understood.
To detect lipid material, C-S preparations were stained with Sudan Black B, auramine 0, and osmic acid. The latter stained the entire spore intensely; no differentiation was attempted. Sudan Black B dissolved in ethanol (3) did not penetrate the spore. A similar finding was reported by . However, when ethylene glycol was employed as solvent for the stain, black globules were localized inside the spore. Granules which leave the chlamydospore when the cell wall is broken by slight mechanical pressure ( Fig. 1 ) also stained deeply with the dye.
After staining with auramine 0, slides were differentiated in 3% ethanolic HCl until clearly localized intracellular areas of bright yellow fluorescence could be distinguished. In fully developed cultures, only the center of the spore was fluorescent. In younger cultures, in which chlamydospores were in the process of formation, auramine 0 stained intracellular material located in the tips of the suspensor cells. A similar pattern was observed when chlamydospores were treated with Ziehl-Neelsen carbol fuchsin. Acid fastness was lost after extraction for 14 hr in ethanol-ether (1:1), as seen in Fig. 2 . It has been reported that ether-hydrochloric acid removes an acid-fast staining lipid fraction from Mycobacterium (22) . Lartigue and Fite (13), however, state that exhaustively defatted tubercle bacilli remain acid-fast.
With the cytochemical procedures for detection of carbohydrates, p-aminosalicylic acid stained the culture uniformly; both suspensor cells and spores were bright red. Chlamydospores developed in the presence of primuline showed differential incorporation of the dye. As observed in a fluorescence microscope, the outer layer of the cell wall and peripheral granules were brightly fluorescent, whereas the center of the spores remained unstained (Fig. 3) . A similar pattern was obtained by staining C-S with aniline blue. Primuline has been utilized to stain bud scars in yeast (24) where it supposedly binds to the glucan protein of the cell wall. Aniline blue has been used previously to localize aligned carbohydrate material in plants (6) and the bud scar region in yeast (18 observed upon exposure to ultraviolet light, a phenomenon previously described (11) . However, it was not possible to discern any structures that could be identified as nuclei. Giemsa stain has also been employed to reveal chromatin material; with this technique, Robinow (20) C-S complex was incubated with the glucanase preparation as described in Materials and Methods. Complete hydrolysis of the suspensor cells and outer layer of the chlamydospore wall was observed after incubation for 10 hr (Fig. 4) . No further hydrolysis could be observed on prolonged incubation, or after treatment with fresh enzyme-buffer preparation.
Since staining reactions had suggested the presence of proteinaceous material in the wall, The results were negative; however, purified keratinase (17) actively hydrolyzed the next layer of the chlamydospore wall. A prolonged incubation period (10 to 12 hr at 37 C) was necessary for this reaction. The action of keratinase resulted in the appearance of "spheroplast-like" round bodies which originally had the diameter of the central part of the chlamydospore but which gradually enlarged (Fig. 4) . It is difficult to decide on the basis of present observations whether the stability of the "spheroplast" is due to a thin, incompletely hydrolyzed inner wall layer, or to a separate membrane-like structure that is somewhat resistant to osmotic pressure. On prolonged incubation, lysis occurred even in the presence of mannitol or KCI in concentrations reported to stabilize protoplasts (12, 25) .
Chemical composition of chlamydospores. The lipid content of chlamydospores is reported in Table 1 . The free lipid content was 12% of the dry weight of chlamydospores; this is a higher value than that reported (19) for yeastlike cells of C. albicans. The bound lipid contents of yeastlike cells and of chlamydospores were similar. The alcohol-ether extract of chlamydospores was hydrolyzed with 1 N HCI for 16 hr at 100 C, and then chloroform was added. The water phase was assayed for the presence of reducing substances; three compounds were found with RF values identical to those of glucose, mannose, and rhamnose.
The total amount of carbohydrate (expressed as glucose) in chlamydospores was 40% of the dry weight. The results obtained with the fractionation procedure employed are summarized in Table 2 . Most carbohydrate was found in the hot KOH fraction and in the glucan residue. No precipitate was obtained upon treatment of the KOH fraction with Fehling's solution. When 6 N HCI hydrolysates were tested for the presence of glucosamine by the Elson-Morgan method (26), the results were negative. However, small amounts of glucosamine were found when the hydrolysate was assayed on an amino acid analyzer.
Total nitrogen was found to be 7.7% of the dry weight, 65% of which was accounted for as amino acid nitrogen. Based on the latter figure, protein content was estimated to be 32% of the dry weight. When a 6 N HCI hydrolysate of chlamydospores was analyzed on an amino acid analyzer, 19 peaks of ninhydrin-positive material were obtained; 18 of them were recognized and quantitated (Table 3) positive compounds was identified as glucosamine. Among the amino acids identified, aspartic acid, glutamic acid, lysine, and glycine predominated.
Of the total amount of amino acids present in the chlamydospore, 5% was extractable with cold 10% trichloroacetic acid. A comparison between the amino acid composition of the trichloroacetic acid extract before and after hydrolysis (Table 3) indicates that some of the acidextractable material was other than free amino acid; 5.03 ,umoles of glutamic acid was recovered after hydrolysis compared to 3.64,umoles in the unhydrolyzed trichloroacetic acid extract, and the quantity of glycine increased fourfold after hydrolysis. Since trichloroacetic acid was removed by extraction with ether, loss of lipidbound amino acids is possible. Ether extracts were not analyzed for the presence of amino acids.
The hot 1 N KOH fraction contained nearly all of the amino acids present in the hydrolysate of whole C-S (Table 3) . However, only small amounts of cysteic acid, threonine, serine, and arginine were found. The percentage of recovery of these amino acids was also low, indicating loss (ether extraction discussed in previous paragraph) or destruction. All other amino acids were present in very nearly the same amounts as in the hydrolysate of whole chlamydospores, except with glutamic acid, 14 .3% of which was found in the trichloroacetic acid extract.
The residue after the previous extractions still retains the shape of an intact chlamydospore ( be practically free of amino acids; none of the identified compounds accounted for more than 5%; in many instances, the amounts were less. The only ninhydrin-positive compound present in 10-fold higher amounts than all the others and found only in the residue has the same elution characteristics as glucosamine in the autoanalyzer; it superimposed on a glucosamine standard. When analyzed by the procedure of Mejbaum (15), RNA was found to be 6.2% of the dry weight of chlamydospores. Phosphate, expressed as P205 was 3.6% of the dry weight of chlamydospores. Chemical composition of chiamydospores is summarized in Table 4 .
Chemical analysis of enzymatic hydrolysates. The fraction solubilized by glucanase was rich in carbohydrate; of the total carbohydrate content of chlamydospores, 81% was released by glucanase (Table 5) . A predominant component of this fraction was free glucose, comprising 90% of the total when assayed by the glucose oxidase procedure. Other monosaccharides identified by chromatography were mannose and rhamnose, 2% and <1% of the glucose content, respectively. The keratinase hydrolysate contained only a small amount of carbohydrate, and the only monosaccharide identified was glucose.
The residue after glucanase hydrolysis was washed several times by centrifugation, and then subjected to 6 N HCI hydrolysis. As shown in Fig. 4 , the chlamydospore is still surrounded by a thick wall layer after hydrolysis by glucanase. The amino acid composition of the "residual chlamydospore" is given in Table 6 . A full spectrum of amino acids was found, mostly ranging from 24 to 50% of the quantities present in acid hydrolysates of whole chiamydospores. It is interesting to note that the glucanase hydrolysis did not remove any arginine and little cysteic acid. The predominant amino acids in the "residual chlamydospore" were: aspartic acid, glutamic acid, lysine, and arginine. DISCUSSION The fragility of the chlamydospore wall precluded use of mechanical techniques for separation of intact spores from the supporting structures. Therefore, chemical analyses were carried out by using both the spores and the attached suspensor cells. Since the suspensors bearing mature chlamydospores did not stain with protein-specific dyes, acridine orange, iodine, or lipid stains, it may be assumed that most of the cytoplasmic material concentrated in the chlamydospore. Since the condition for chlamydospore production entailed limitation of growth, only small quantities of spores could be harvested at any given time. Thus, separate batches of spores were used for the various chemical analyses. An indication that the procedure for obtaining C-S is reproducible was supplied by amino acid analyses. When different batches of chlamydospores were employed to determine the total quantity of each amino acid and their distribution in the various fractions, nearly uniform recovery values were obtained.
A striking difference in the chemical composition between yeastlike cells of C. albicans and chlamydospores was the high lipid content of the spore. Of course, the lipid content of different yeasts is very variable, ranging from 2.3 to 63% (16) , and the amount of lipid produced may depend not only on the organism but also on the composition of the culture medium, pH, and temperature (7) . The finding that the free lipid fraction of chlamydospores contains sugars is interesting when compared with work on Mycobacterium tuberculosis (14) . Upon subjection of the free lipid fraction of tubercle bacilli to acid hydrolysis, methyl ethers of rhamnose and fucose were found. Another parallel between the chlamydospore of C. albicans and Mycobacterium is acid fastness.
The cytological distribution of protein in chlamydospores was suggested by staining reactions. The thick inner wall layer of the spore is removed by alkaline extraction, and accounted for a major fraction of all amino acids present in the chlamydospore. The residue of the chlamydospore after KOH (1 N) extraction was devoid of protein, but still retained the shape of an intact chlamydospore (Fig. 5) . Another approach to the study of chlamydospore structure involved enzymatic hydrolysis. It was shown that the chlamydospore wall contains at least two structurally different layers. The outer layer was hydrolyzed with an enzyme system containing pre-'C On the basis of the results obtained with cytochemical reagents, chemical analyses, and sequential enzymatic hydrolysis, the composition of the chlamydospore of C. albicans may be interpreted as depicted in Fig. 6 . The regions of the chlamydospore in the drawing correspond to those seen in electron micrographs of thin sections (Fig. 5 of preceding paper, 10) . The thin outer wall is composed of a glucan, presumably linked 3-1,3-, together with a small amount of an alkali-resistant polymer containing glucosamine. The thick, electron-dense, inner layer is comprised largely of protein. The inner core of the chlamydospore is rich in lipid material and RNA, and is bounded by an unusual "membrane" that maintains the integrity of the center core after the outer layers have been removed.
In the preceding paper (10), it was shown that the chlamydospore-suspensor complex arose from well-nourished vegetative yeast cells, in the absence of added nutrients, at the expense of endogenous metabolism. Glycogen and mannan, characteristic of the yeast cell, are essentially absent in the C-S complex. Most likely these polymers were metabolized and converted in some manner to materials characteristic of the chlamydospore. This process, accompanied by extensive compartmentalization of protein into an electron-dense inner wall layer, and of lipid plus RNA into a central core, gives rise to the structure of the chlamydospore.
